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has deleterious eirccts on the accur,tcy, ciuality and use- 
3,488,123 fulness of the data obtained from the instrument of the 
APPARATUS FOR CON'FI%OLEING THE VELOCITY above described type. As an illustrated example, when 
AN E L ~ d = ~ O ~ ~ C ~ A N ~  DRIVE FOR used in conjunction with an inirared expelinlent carlied 
HNTERFEKOMETERS AND THE LIKE aboard a spacecraft, and taking into considelation the 
 grad^ B. Nichols, LanSnam? IMd., assignor to the desiled resolution of the instrument, the signal-to-noise States of A~lneirlea as represented by the Administrator 
of the National AeronauGcs and Space Administration ratio of the detector for the radiation profile and the 
Filed Mar. 28, 1946, Ser. No. 538,913 foimat of the telemetry system used on board the space- 
Xnt. GI. GOlb 9/02 craft, it is essential that the mirror velocity be maintained 
U.8. C1.356-104 6 Claims constant at 0.2 millimeter per second within rtl% for a 
10-second data frame. 
Prior art interferometers have generally used mechani- 
ABSTRACT OF THE DISCLOSURE cal arlangements foi the mirror drive, or in some instances 
an electlomechanical drive arlangement wherein the 
Apparatus for providing velocity control of the elec- current through a nlovable coil, or the coil of a magneto- 
tron~echanical diive mechanism of the scanning mirror l5 structive element, has been used to cause the desired 
of an inteiferometer, wherein a signal proportional to mirror movement. The foimer arrangenlent is usually a 
the linear velocity of the mirror is derived from the inter- manual adjustment for laboratory instmments, nor suit- 
feronleter and is fed to a conlparator, which also receives able for ien~ote contlol as required for use on board a 
a leference signal of the same character. The output of 20 spacecraft. Prior art techniques to implement the latter 
the conlparator is supplied to the energizing coil of the arrangement are subject to circuit palameter changes re- 
electromechanical drive mechanism to provide corrective sulting from component aging, temperature valiations, 
action, resulting in a Constant linear velocity foi the move- and other environmental conditions. If adapted for space- 
ment of the scanning miiror. ciaft use such changes would require additional informa- 
z5 tion to be telemetered so that appropriate cor~ections can 
be made of the data. This would add additional com- 
The invention desclibed hereill was made by an em- plexity to the on board equipment required by the space- 
ployee of the United States Government and may be craft and would place extra demands on spacecraft 
manufactured and used by or for the Goveinment for telemetry system and power sources. 
governmental purposes without the payment of any royal- 30 The present invention provides velocity control of the 
ties thereon or tbeiefor. electromechanical drive mechanism of a Michelson inter- 
This invention relates generally to interfeiometers, and feronleter that produces a unitorn~, constant movement of 
mole particula~ly to apparatus for accurately controlling the mirror, thus resulting in an instrument having in- 
the velocity of the electromechanical drive mechanism for creased accuracy f o ~  inteiference spectioscopy. The 
the movable mirror of interferometers to be used for 35 relocity control apparatus is efficient, reliable, and results 
interference spectroscopy. in a miiror drive that does not vary in accuracy with 
Fol the purposes of the present application the term component aging or  changing environmental conditions. 
"iadiationU is applicable to the optical and near optical This is particularly advantageous when the instrument is 
poltions of the electlomagnetic spectra, particularly the to be carlied aboard a spacecraft f o ~  investigation of the 
infrared portion thereof. Accordingls, the use of terms 41) surface and the atmosphele of the earth and other )?lanets. 
"optical," "light," "light rays," "light beam," and the like Broadly, there is provided means associated with a 
are not to be taken as limited to the visible portions of Michelson interferometer for developing an electrical 
the spectia. signal having a parameter proportional to the velocity 
The term "electromechanical dlive" as used herein de- of a mirror adapted to be moved by an electromechanical 
notes a type of electlomagnet wherein there is provided q5 drive mechanism. This signal is fed to a comparator, 
relative motion between a coil and a magnetic core upon which also receives a reference signal of the same char- 
applying an electric current to the coil. acter. The ouiput of the comparator, which is indicative 
Interference spectroscopy, first suggested by Michelson of the difference between its two input signals, is sup- 
after the deve!opn~ent of his original interferometer, had plied to the energizing coil of the electromechanical drive 
not been pursued to any great extent in the past because 50 mechanism for the mirror. When the mirror velocity 
of extreme difficulties in the computation and evaluation is constant there is no output from the comparator; when 
of data. However, with the advent of high speed digital it varies from a selected constant value the cornpardtor 
cozputers and auto-correlation techniques, the past decade provides a difference signal for corrective action. 
has seen significant advances in the art of interference More specifically, the mirror drive control apparatus 
spectroscopy. Also in recent years, advances in space of the invention includes two d~gital-to-analog voltage 
technology has made it possible to carry an interfe~om- 55 ramp generators that feed a sum circuit. The output of 
eter aboard a sracecraft to thereby enable a vaiiety of the sum circuit is coupled, via an amplifier, to the 
scientific in~estigatlons of the atmosphere and the sur- mirror drive coil. The first ramp generator provides 
face of the earth and of other planets to be conducted. a positive-going voltage in response to a reference clock 
One of ih. kasrc instruments used for such investiga- signal, as f ~ r  example, a square wave pirlse train of ccn 
trons 1s :I rnodiled M~cheIson ln*erferorneier When it 1s stant repetition r,tte. The seco~nd ramp generator pro 
to be used for iilleifelence sp.-,ctrosco~y the movable vide? a negative-going voltage in response to a digital 
rn~rror assprnbiy 1s arrailseci to be diivcn IYI a path norniai signal l?atlng a frequency component proportional to 
to its ,eAccting surface This piavides a scannlng motion the nilror velocity, as for example, a square wave puls, 
such that the detected energy distribution profile of train of variable repetition rate. The output of the sum 
rncident radlat~on IS related to the dlstance tiavelled by '' circuit 1s such that no current is applied to the mirror 
the mirlor, and when the incident radiation contains a wide drlve coil when the mirror velocity is constant at a 
spectral range this profile is a Fourier cosine transform. selected rate, and an impulse of electrical current pro- 
Computation and analysis of the Fourier transform pro- vidlng corrective action is applied to the mirror drive 
vides information concerning each spectral element of the coil when the mirror velocity varies from the constant 
incident radiation. 70 rate. The digital signal having a frequency proportional 
Lack of uniformity in the drive speed of the mirror to mirror velocity may be developed by a monochronlatic 
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light source an detector responsive to the in a direction normal to the magnetic field, that is, in a 
optical system of the ]nterferometer to provide a sine dtrect3on parallel to the longitudinal axrs of rod 31. 
wave having a frequency propof t~onal to mirror velocity. The control sysienl for energizing coil 43 in a manner 
This sine viave is tilen processed to provide a drgIlal that maintains the velocity of movable mirror 12 con- 
signal of an appropriate ivaveform. siant includes voltage ramp generators 52 and 54, one 5 
The various objects, as well as the features and attend- feeding sum circuit 56 with a ~ositive-going ramp volt- 
ing advantages of the present invention will be mole age and the other feeding Sum circuit 56 with a negative- 
fully appreciated from the following description, con- going ramp voltage. Sun1 circuit 56 may be any resistive 
sidered in conjunction with the acconlpanying drawings, summing netwo~k that provides an output signal which 
in which: is the algebraic sum of two (or more) analog input volt- 
FIGURE 1 is a diagrammatic representation of a ages. The output of sum circuit 56 is supplied to ampli- 
Michelson type interferometer illustrating the basic fier 58 and thence 10 lead 45 energize 43. 
principles of the invention; A reference square wave voltage, represented by wave- 
FIGURE 2 is a circuit diagram of a typical ramp form 57, is fed thlough gate 59 to ~rovide a n  input for 
generator which may be used in conjunction with FIG- 15 ramp generator 52. The reference square wave voltage 
URE 1. 57 may be derived from any stable oscillator, such as 
Considering now the illustrated embodiment of FIG- the type nsually provided as the clock for spacecraft 
URE 1, numeral 10 refers to the optical system of telemetry systems. Gate 59 is opened by the output of 
an interferometer, which for the purposes of this in- flip-flop 61, which flip-flop may be triggered by a corn- 
vention may be a Michelson interferometer or Twyman- 20 mand pulse. 
Green variations thereof. Instruments of this type are A second square wave voltage, represented by wave- 
well known in the art and need not be described in de- form 63, is derived from wave shaping network 62 and 
tail. Briefly, the basic elements of these interferometers supplied to lamp generator 549 As be 
include a movable mirror 12, a fixed mirror 14 and a discussed, the input signal for wave shaping network 62 
beam splitter 16. Mirrors 12 and 14 provide reflecting 25 is obtained, via amplifier 64, from optical system 10 of 
surfaces that are normal to one another, and beam the inte~ferometer in the form of a sine wave (repre- 
splitter 16 is positioned to provide surfaces at a 45" sented by wavetor111 65) having a frequency proportional 
angle to each mirror reflecting surface. A suitable focus- to the velocity of movable mirror assembly 12. Wave 
ing lens 18 directs incident radiation at a 450 angle shaping network 62 may include any suitable circuit ar- 
onto beam splitter 16. There is also provided a collect- 30 rangement to provide a square wave in response to and 
ing lens 22 to direct radiation onto a suitable detector related to the frequency of a sine wave input voltage. 
24, such as a photocell or infrared bolometer. Incident For example, wave shaping network 62 include a 
radiation is focused on beam splitter 16 where it is di- Schmitt trigger followed by one or more binary count- 
"ided equally and transmitted to mirrors 12 and 14, down circuit elements to provide the squale wave voltage 
and thence reflected back to be recombined at beam 35 represented by 63. 
splitter 16. The recombined radiation is then transmitted Ramp generators 52 and 54 may be any suitable volt- 
to condensing lens 22 and hence to detector 24. For age ramp generators operable to provide an analog output 
Purpose of simplicity of the drawings the incident radia- voltage varying linearly in time in response to an input 
tion from lens 18 and its subsequent path through optical Square wave pulse train. One such circuit is representa- 
system 10 is not shown. It is to be understood that 40 tively shown in FIGURE 2, and provides incremental 
when the interferometer is to be used in conjunction voltage steps of equal magnitude for each input pulse. By 
with space exploration lens 18 may be an integral part making each voltage step small with respect to the total 
of a telescope directed towards the atmosphere or the range of the output voltage rise, a staircase waveform 
surface of various planets, and that the radiation re- that approximates a ramp voltage, as representatively 
ceived therefrom encompasses a broad spectrum, includ- 45 shown by waveforms 67 and 69, is produced.  he slope 
ing infrared radiation. of this ramp is linear and constant for a constant fre- 
It should also be noted that when used for inter- quency square wave input; and the slope varies instan- 
ference spectroscopy movable mirror 12 is t~ be driven taneously with time for a changing frequency input square 
at a constant velocity over a specified distance in a di- wave. 
rection normal to its reflecting surface. During this move- 50 considering the ramp generator of FIGURE 2 in more 
ment the relative constructive and destructive interference detail, there is provided a resistor ladder network includ- 
of a broad spectrum of radiation modulates the radia- ing a number of pairs of series and shunt resistors, such 
tion directed on detector 24. The output of detector 24, resistors 70 and 71, 72 and 73, 74 and 75, 76 and 
which provides a signal representing a Fourier cosine 77' etc. One end of the series string of resistors 70, 72, 74 
transform, is supplied to suitable electronic circuitry such 55 and 76, etc., is connected to a reference potential such 
as a data system 26 so that it may be telemetered to as ground and the other end of this series string ~rovides 
a remote point for further processing and analysis. an output voltage waveform that is supplied to sum circuit 
The electromechanical drive for nlovable mirror 12 56. l3ach shunt resistor 71, 73, 75 and 77, etc., is re- 
includes a non-magnetic rod 31 extending perFndicular turned to voltage source 79 by electronic switches 81, 83, 
from the rear of its reflecting surface. Rod 31 is suspended 60 8S and 87, etc. Typically each of these switches may be 
from a suitable frame 33 by four parallel leaf springs 35, transistor or similar semiconductor device. There is ac- 
Rod 31 is also surrounded by an electromagnet assem- cordingly provided a voltage divider of 1, 2 . . . FZ-1, 
bly 36, which 1s shown partially in cross-sectron for ' 2  secfions with a dividing ratio that may be changed by 
clarity of illiislration. The nlagnetlc core of electrornag activating one or more switche? in se~ies wit11 the shunt 
net assembly 36, lvhrch includes poles pieces 37 and b,, resistors of se!ectedsections. 
39 and peruianent inagrlets 41, 1s secured to fr'ime 33 To dcconlplish the seieciron, various stages of binary 
by any slr~table means (not shown). nod 31 is free to 90 ale latilined to trigger s%itches 88, 83, 85 and 
move relative to pole piece 37. Coil 43, which surroljnds g9 ,  etc., as a count of the input square wave pulses is 
and is also free to move relative to pole piece 33, is ~to'ed. This is the input square wave voltage derived 
secured to rod 31 Coil $3 is energized by an electrical 70 from gate 59 or wave shaping network 52, as the case 
impu!se of appropiate waveform via lead 45. This may be. Counter 90 may be any of the usual type wherein 
arrangement sets up a strong magnetic field perpendicu- a selies of interconnected bistable elements change state 
lar to the longitudinal axis of rod 31 (and coil 43) such in an ordered sequence as input pulses are cot~nted. The 
that an electrical impulse applied to coil 43 produces various stages of counter 90 are then utilized to trigger 
an electrodynamic action that sauses mirror 12 to move y j  switches 81; 83, 85 and 87, etc, in the same Qrdered 
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sewence. This selectively varies the voltage dividing tional mirror velocity. This sine wave is processed by 
action produced by the series and shunt resistors of the wave shaping network 62 and supplied as a square wave 
ladder network such that the level of the waveform of (waveform 63) lo ramp generator 54. The ramp voltage 
appearing at the junction of resistors 76 and 77 increases appearing at the output of ramp generator 54 is corn- 
in equal incrementai steps as the number of input pulses bined (algebraically added) with the output of ramp gen- 
received from either gate 59 (for ramp generator 5%) or erator 52 in sum circuit 56. When the mirror velocity is 
wave shaping network 62 (for ramp generator 54) in- constant at a predetermined rate the two ramp voltapes 
creases. The result is a linear staircase voltage wave which are equal and opposite and the mirror continues to movls 
approaches a linear ramp voltage for small increments at the initial velocity. If the velocity of the mirror changes 
of change, as represented by waveforms 67 and 69. The 10 the two ramp voltages are no longer equal and opposite, 
ramp voltage may be either positive-going or a negative- and a difference signal is applied as an impulse to coil 43 
going, depending on the polarity of voltage source 79. for corrective action. For example, if at any instant in 
In addition, by proper selection of the values of the time the mirror velocity is too slow, the slope of the 
series and shunt resistors of the ladder network, ramp ramp voltage provided by ramp generator 54 is less than 
voltages of the same slope may be generated in response 15 that of ramp generator 52, and an impulse of the same 
to input square wave pulses having different constant fre- polarity as the output of ramp generator 52 tends to ac- 
quencies, and this slope may be adjusted to any desired celerate the mirror. If, on the other hand, the mirror 
value. velocity is too fast an impulse of a polarity opposite to  
As has been mentioned, the square wave voltage input the output of ramp generator 52 tends to decelerate the 
for ramp generator 54 is derived from a sine wave having 20 mirror. After reset counter 107 counts a predetermined 
a frequency proportional to the velocity of movable mir- number of pulses from wave shaping network 62, indi- 
ror 12. Thus, with further reference to FIGURE 1, op- cating the end of a scan cycle, it provides a pulse that 
tical system 10 of the interferometer also includes a resets ramp generators 52 and 54, and at the same time 
source of monochromatic light, such as neon lamp 101 triggers flip-flop 61 to a state that closes gate 59. Mirror 
acting in conjunction with filter 103. As illustrated by 25 assembly 12 then returns to its rest position and awaits 
arrows 104, this monochromatic light is directed onto a the initiation of another scan cycle by a command pulse 
portion of beam splitter 16, where it is transmitted to applied to flip-flop 61. 
and reflected from mirrors 12 and 14 to be recombined While a specific embodiment of the invention has been 
for constructive or destructive interference in accordance described with particularity for the purpose of explaining 
with the above mentioned interferometer principles. A 30 the invention, it is not to be so limited, and modifications 
portion of lens 18, or  if desired a separate focusing lens, and variations thereof should be obvious to those skilled 
may be used to direct the monochromatic light from neon in the art. It is therefore to be understod that within 
light 101 onto beam splitter 16. the scope of the appended claims the invention may be 
After being recombined at beam splitter 16 the mono- practiced otherwise than specifically set forth. 
chromatic light is directed by a condensing lens onto de- 35 What is claimed as new and desired to be secured by 
tector 106, such as a silicon photovoltaic cell. The con- Letters Patent of the United States is: 
densing lens may be a portion of lens 22, or a separate 1. In an interferometer having a light dividing element, 
lens. The output of detector 106 is fed to amplifier 64 a pair of reflecting elements spaced about the dividing 
and thence to wave shaping network 62. When mirror element to receive separate light rays from the dividing 
12 is moving at  a constant velocity the constructive and 40 element and to reflect them back to the dividing element 
destructive interference of the monochromatic light re- for recombination, one of said reflecting elements being 
sults in a detected signal at the output of detector 106 movable, and means for providing an electrical signal in 
which is a sine wave, with the frequency of this sine response to the recombined light rays, the combination 
wave proportional to the velocity of mirror 12. This sine comprising: 
wave may then be shaped by wave shaping network 62 45 electromechanical drive means including an energizing 
and supplied to ramp generator 54 as a square wave volt- coil for translating said movable reflecting element 
age having a repetition rate proportional to the mirror along an axis normal to its reflecting surface; 
velocity. means for developing a first electrical signal propor- 
In order to de-energize the driving coil for movable tional to the translational velocity of said movable re- 
mirror 12 after it has moved a desired distance, the out- 50 flecting element along said axis; 
put of wave shaping network 62 may also be supplied to means providing a reference signal independent of said 
a reset counter 104, which may be of the usual type where- first electrical signal; 
in a single output pulse is produced in response to a se- means for comparing said first electrical signal with said 
lected number of input pulses. Thus, after a predeter- reference signal to provide a difference signal; 
mined number of pulses have been counted, reset counter 55 and means for applying said difference signal to  said 
107 provides an output pulse which is utilized to reset ramp energizing coil to thereby impart a constant transla- 
generators 52 and 54 (for example, to clear counter 90 tional velocity to said one reflecting element along 
of FIGURE 2) ,  and to trigger flip-flop 61 to close gate 59. said axis. 
Consideling the operation of the i!lustrative embodi- 2. The combination of claim 1 wherein said first elec- 
ment of FIGURE 1, assume that movable mirror 12 is 60 trical signal is a periodic signal having a frequency com- 
initially in a rest condition and a scan cycle is com- ponent proportional to the translational velocity of said 
menced by applying a command pulse to flip-flop 61. This movable reflecting element, and said reference signal is 
open2 gate 59 to allow the reference square wave volt- a periodic signal having a constant frequency component. 
age (waveform 57) lo be supplied to ramp generator 3. The combination of claim 2 wherein said means for 
52 and the output of ramp generator 5% is applied to 03 developing said first electrical signal includes means for 
sum circuit 56. At this tiroe s11m circuir 56 receives n o  directing monochromatic light rays onto said light divid- 
output from ramp generator 54, and accordingly an im- ing element to provide a periodic electrical signal having 
puise nelated lo the initial buildup of the ramp voltage a frequency component propo~tional to the translational 
of ramp generatol 52 is amplified and supplied to coil 43. velocity of said rnovable reflecting element. 
This imparts an initial velocity to movable mirror 12, with 70 4. The combination of claim 2 wherein said means for 
the nlagnitude of the initial velocity determined by (he comparing said first electrical signal with said reference 
rate of build-up of the ramp voltage. signal includes: 
Once mirror assembly 12 is in motion there is a vary- first circuit means including a first ramp generator re- 
ing interference pattern of the monochromatic light which sponsive to said first electrical signal to produce a 
is detected as a sine wave having a frequency propor- 75 first ramp voltage waveform of a first polarity; 
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second circuit means coupled lo said second lamp gen- said fiist artd second circuit means and to disable the ap- 
erator responsive lo said reference signal to produce plicalio~l of said reference sigilal to said second circuit 
a second ramp voltage waveform of a second polarity means after a predetermined number of cycles of said &st 
opposite to said first polarity; electrical signal. 
and third circuit means for comparing said ramp voit- References Cited 
age waveforms to thereby provide said difference 
signal. UNITED STATES PATENTS 
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